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1. Family of iron(Fe)-based superconductors with only 
electron pockets: AxFe2-ySe2  . A= K,Rb,Cs

2. Pairing symmetry: “s”, “d”,”s+-” and “s+i d” 

Part I

Part II
1. Spin Resonance in s+-
2. Role of hybridization and band dispersion

Part III
1. Raman scattering in s+-
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FIG. 9. (color online) Hysteresis loops measured at 2 K with
magnetic field applied along the c-axis for different SC sam-
ples Rb1−xFe2−ySe2. For clarity, the data for samples F 266
and BR 18 are magnified by factors of 5 and 10, respectively.

FIG. 10. (color online) Hysteresis loop for SC sample BR 16
at 2 K (solid circles) measured with the magnetic field applied
perpendicular to the c-axis, together with the magnetization
curve at 40 K (open squares).

magnetic field was always perpendicular to the current
direction, so only the transverse configuration was stud-
ied. The contacts were made with a conductive silver
paint. The error in the absolute value of the measured
resistivity was about 20 % due to finite dimensions of
the potential contacts. The in-plane resistivity ρab of the
SC sample prepared by self-flux method (F 266) is by
approximately one order of magnitude larger than that
for samples grown by Bridgman method which can be at-
tributed to higher impurity content of the self-flux sam-
ples. The inter-plane resistivity ρc of a typical sample
grown by Bridgman method with high SC parameters
(BR 16) is by a factor of two higher than the in-plane
resistivity. The resistivity curves of all superconducting
samples show a broad hump at a temperature Tmax that
for different samples varies in the range of 190–215 K
with a semiconductor-like temperature dependence above

and a metal-like dependence below Tmax. We note that
the superconducting samples from batch BR 16 have
the smallest value of the resistivity compared to other
batches. It is also the smallest for the superconduct-
ing Rb1−xFe2−ySe2 crystals reported so far.12,15 Together
with the larger resistivity ratio ρ(Tmax)/ρ(Tc) = 37 this
may indicate a higher purity of these superconducting
samples.

FIG. 11. (color online) (a) Temperature dependences of the
in-plane resistivity ρab and inter-plane resistivity ρc for the
SC sample BR 16 (left scale) and for the in-plane resistivity
for the SC sample F 266 (right scale) measured on cooling in
zero external magnetic field. (b) Temperature dependences
of the in-plane resistivity for the non SC samples. Dashed
curves mark the Arrhenius fits at high temperatures, solid
lines - the MVRH fits al lower temperatures as described in
the text.

The resistivity of the non-superconducting samples is
by several orders higher than that of the SC samples.
It shows a steep increase on decreasing temperature and
a small but clearly discernible anomaly at T ∗=233 K.
In the range 300–240 K the temperature dependence of
the resistivity for the non SC samples can be described
by Arrhenius law ρ = ρ0 exp(∆Ea/kT ) with an activa-
tion energy ∆Ea of 0.16, 0.079 and 0.073 eV for the
samples BR 19, BR 22, and BR 17, respectively. At
temperatures below 240 K down to 80 K the resistiv-
ity of the non SC samples is not thermally activated
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Anisotropic magnetism, superconductivity, and the phase diagram of Rb1−xFe2−ySe2

V. Tsurkan,1, 2 J. Deisenhofer,1 A. Günther,1 H.-A. Krug von Nidda,1 S. Widmann,1 and A. Loidl1
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Institute of Physics, University of Augsburg, D 86159, Augsburg, Germany

2Institute of Applied Physics, Academy of Sciences of Moldova, MD 2028, Chisinau, R. Moldova
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We report the crystal growth and structural, magnetic, conductivity, and specific heat inves-
tigations of Rb1−xFe2−ySe2 single crystals with varying stoichiometry prepared by self-flux and
Bridgman methods. The system exhibits a strongly anisotropic antiferromagnetic behavior below
400 K. Bulk superconductivity is found in samples with Fe concentrations 1.53 < 2 − y < 1.6,
whereas for 2 − y < 1.5 and 2 − y > 1.6 insulating and semiconducting behavior is observed, re-
spectively. Within the measured range of variation of the Rb concentration (0.6–0.8) no correlation
between the Rb content and the lattice parameters of the samples was found. The superconducting
samples show the smallest value of the lattice parameter c compared to the non-superconducting
samples. The sharpest transition to the superconducting state, the highest transition temperature
Tc of 32.4 K, and the highest diamagnetic response corresponding to a critical current density jc
of 1.6 × 104 A/cm2 (at 2 K) is found for compositions close to Rb2Fe4Se5. Upper critical fields
Hc2 of ∼ 250 kOe for the in-plane and 630 kOe for the inter-plane configurations are estimated
from resistivity studies in magnetic fields. In the non-superconducting samples with the Fe con-
centration below 1.45 both specific heat and susceptibility revealed an anomaly at 220 K which
is not related to antiferromagnetic or structural transformations. Comparison with the magnetic
behavior of non-superconducting samples provides evidence for the coexistence of superconductivity
and static antiferromagnetic order.

PACS numbers: 74.70.Xa 74.62.Bf 74.25.Ha 74.25.Bt

I. INTRODUCTION

Iron-based superconductors1–4 are currently among
the most intensively studied materials. Among different
groups of these superconductors, the iron chalcogenides
have recently attracted particular attention. The un-
doped iron selenide, FeSe, exhibts a relatively low critical
temperature Tc ! 8 K at ambient pressure,4 but it raises
to 37 K under external pressure.5,6 Earlier attempts to
increase Tc of FeSe using chemical doping resulted in a Tc

! 14 K by substitution of Se with Te.7,8 Recent reports
of Tc ! 30 K in potassium intercalated FeSe9 further
pushed the research activity in the iron chalcogenide fam-
ily. Consequently, successful intercalation of other alkali
metals (Rb and Cs) in FeSe was realized and supercon-
ducting (SC) samples with Tc between 27 and 33 K were
prepared.10–16 Further studies of SC chalcogenides with
hypothetical stoichiometry A0.8Fe2Se2 (A = K, Rb, Cs,
Tl) revealed significant differences in their SC proper-
ties compared to the related SC pnictides with a similar
structural arrangement.
Intriguing coexistence of superconductivity and

static antiferromagnetic order and a proximity to
an insulating state were suggested.17–21 In addition,
angle-resolved photoemission spectroscopy (ARPES)
studies22–24 showed a different topology of the Fermi sur-
face in A0.8Fe2Se2 compared to other Fe-based super-
conductors suggesting a pairing mechanism distinct from
s± symmetry.25 Despite numerous reports, the data on
A0.8Fe2Se2 materials with regard to their intrinsic prop-
erties is far from being conclusive. For example, the con-
ducting and magnetic properties of the Rb-based samples

reported by different authors vary significantly indicating
a strong dependence on preparation conditions and impu-
rity content.12,13,15,16,19,20 Moreover, the correlation be-
tween the properties and stoichiometry of A0.8Fe2Se2 has
been not fully established yet. Here we present the results
of the structural, magnetic, conductivity, and thermody-
namic characterization of the Rb-Fe-Se system performed
on single crystals grown by two different methods: self-
flux and Bridgman techniques. The selection of the Rb-
based system is motivated by an ease to grow large single
crystals with a higher volume fraction of the SC phase
compared to K- and Cs-based Fe chalcogenides. The vari-
ations of the conducting and magnetic parameters with
the stoichiometry determined by wave-length dispersive
x-ray electron-probe microanalysis (WDS EPMA) are
summarized in a phase diagram of the Rb-Fe-Se system.

II. RESULTS AND DISCUSSION

A. Preparation and composition analysis

Polycrystalline FeSe synthesized from the high-purity
elements (99.98 % Fe and 99.999 % Se) and 99.75 % Rb
were used as starting material for the growth of single
crystals. Handling of the reaction mixtures was done in
an argon box with residual oxygen and water content less
than 1 ppm. The preparation conditions are given in Ta-
ble I. In the growth runs with starting composition cor-
responding to nominal stoichiometry Rb0.8Fe2Se2 the so-
lidified ingots showed significant inhomogeneity. Samples
from the top of the ingots revealed superconducting prop-
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“Strongly electron doped” systems, AxFe2-ySe2  A= K,Rb,Cs

                              
Alkali	  metal	  A	  donates	  electrons	  to	  FeSe	  layers	  	  

Nega?ve	  Hall	  coefficient

electrons

J.	  Guo	  et.al.
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hole dispersion

Only electron FSs are present

  KFe2Se2

“Strongly electron doped” systems, AxFe2-ySe2  A= K,Rb,Cs
                           
                       Tc ~40K
                              

Today’s first two 
talks !



What	  is	  the	  pairing	  symmetry	  ?	  



Pairing:	  order	  parameter	  symmetry	  ?	  
Look	  at	  pnic?des	  with	  both	  electron	  and	  hole	  pockets	  

∆h + u∆e log
Λ

Tc
= 0

∆e + u∆h log
Λ

Tc
= 0

u > 0 s±
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Hong Ding et alY. Zhang et al

hole dispersion

Only electron FSs are present

  KFe2Se2

“Strongly electron doped” systems, AxFe2-ySe2  A= K,Rb,Cs
                           
                       Tc ~40K
                              

   Hole pockets are gapped –the
 driving  force for s-wave SC  is gone

Today’s first two 
talks !



d

Can	  this	  s@ll	  work	  for	  AFe2Se2	  ?	  

Different	  from	  pnic@des	  
with	  hole	  pockets!	  

Nodeless	  	  	  	  	  	  ?

Experiment:	  ?



Very recent ARPES

     No nodal gap,
inconsistent with d-wave
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FIG. 2: Fermi surface of KxFe2−ySe2 superconductor. (a) The pho-
toemission intensity map for the Fermi surface at kz = 0 taken with
21 eV photons at 35 K. The kx and ky are defined along Fe-Fe direc-
tions. (b) The photoemission intensity map for the Fermi surface at
kz = π taken with 31eV photons at 35 K. (c) The photoemission in-
tensity map taken along ky-kz cross-section of the three-dimensional
(3D) Brillouin zone. (d) The momentum distribution curves (MDCs)
at Fermi energy (EF ) taken at different photon energies. (e), (f) The
polarization dependence of the photoemission intensity maps taken
in the Z-A plane at 35K taken with the p and s polarization geome-
tries respectively. Data were taken at SSRL for panels a, b, c, and d,
and UVSOR for panels e and f.

∼31 K. The chemical compositions of the samples were de-
termined by energy dispersive X-ray (EDX) spectroscopy to
be K0.77Fe1.65Se2. The synchrotron ARPES experiments were
performed at Beamline 5-4 of SSRL synchrotron facility, and
Beamline 21B1 of NSRRC facility, with Scienta R4000 elec-
tron analyzers. The overall energy resolution in the gap mea-
surement is about 10 meV at SSRL or NSRRC, and angular
resolution is 0.3 degree. The polarization dependence of the
Fermi surface was measured at UVSOR facility with an MBS
A-1 electron analyzer. The samples were cleaved in situ, and
measured under ultra-high-vacuum of 5 × 10−11torr.
For a close examination of the κ electron pocket, Figs. 2(a)-

2(b) show the photoemission intensity maps for the Fermi sur-
face at two different kz’s. While the electron pockets around
the zone corner show little kz dependence, the small κ pocket
could be only observed near the Z point for kz = π, indicating
its strong three-dimensional (3D) character. The kz depen-
dence of κ is further illustrated by the photoemission inten-
sity map along the ky-kz cross-section of the Brillouin zone
[Fig. 2(c)]. We determined the Fermi crossings of κ accord-
ing to the momentum distribution curves (MDCs) near Fermi
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FIG. 3: The superconducting gap at the κ pocket of KxFe2−ySe2.
(a) Symmetrized photoemission intensities for three momentum cuts
across the κ pocket near Z as shown by the thick lines #1-#3 in the
inset. (b) Symmetrized energy distribution curves at the Fermi cross-
ings of the κ band with momenta counterclockwise along the κ pocket
as shown by the labeled polar angles. (c) Gap distribution of the κ
pocket around Z in polar coordinates, where the radius represents the
gap size, and the polar angle θ represents the position on the κ pocket
with respect to the Z point, θ=0 being the Γ-M direction. The data
were taken at NSRRC with 31 eV photons at 13 K.

energy (EF) taken with different photon energies [Fig. 2(d)].
Such a small enclosed κ electron pocket around Z is gener-
ally overlooked by theories in studying the pairing symmetry
of KxFe2−ySe2, even it was found to exhibit a superconduct-
ing gap with comparable amplitude as that on the large δ/δ′
electron cylinders at the zone corner.
Previous photoemission studies on KxFe2−ySe2 only re-

solved one electron pocket around the zone corner. In the
folded Brillouin zone with two iron ions per unit cell, there
should be two electron cylinders around the zone corner due
to folding. Band calculations show that these two electron
cylinders in KxFe2−ySe2 have opposite symmetries with re-
spect to the Z − Γ − M plane [30], as found in other Fe-
HTS’s. To resolve this discrepancy, we show the polarization-
dependent ARPES data in Figs. 2(e) and 2(f). Due to the
multi-orbital nature of the Fermi surface in iron-based su-
perconductors, certain Fermi surface sheet might exhibit ei-
ther even or odd spatial symmetry, thus could be observed
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What	  about	  regular	  s-‐wave?

Inosov et alSpin resonance
    below Tc

Requires	  sign	  changing	  	  order	  parameter



There is a third possibility
 “another s+-”

Consistent with both ARPES and  neutrons



∆c = �c†↑c
†
↓�, ∆f = �f†

↑f
†
↓�

∆c = −∆f

Suppose FSs are circles
(must be identical circles)

 

Let’s go back to d-wave reasoning

d-wave: 
c

f

u12

Cooper logarithm



�c†↑f
†
↓� = ∆ = �f†

↑c
†
↓�

 

And what if we consider
 inter-pocket  pairing ? 

c

f

u12

Q

Cooper logarithm

Exactly the same result as for plus-minus gap

s-wave Singlet



d-wave and s-wave  pairing states are completely
   degenerate for circular  electron pockets

Rota?ons	  in	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  orbital	  space
Addi?onal	  
symmetry:

Not	  essen?al:



Experimental picture: folded Brillouin zone



Folding:  pnictogen/chalcogen is above or below Fe plane

Two non-equivalent positions of Fe – unit cell has 2 Fe atoms

Hybridization

Single FeSe layer

As/Se



Hybridized	  pockets
Single	  layer

Real	  space Reciprocal	  laSce
1FeBZ

I	  wish	  to	  introduce	  a	  standard	  terminology	  from	  the	  outset	  to	  avoid	  confusion



c f

unfolded zone folded zone

A simple picture of folding – a shift of the position of the FSs
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predicts that the two electron-pockets in KxFeySe2 are strongly hybridized, over most

of the Fermi surface the calculations predict similar bonding-antibonding splitting and

a possibility of a strictly-nodeless sign-changing s-wave superconductivity [290]. The

three different types of states are summarized in figure 29.

Figure 29. This cartoon shows three proposed pairing states for KxFe2−ySe2 in the
2-Fe Brillouin zone. As suggested by the first principles calculations, a finite gap
between the inner and the outer Fermi surface sheets is introduced. (a) d-wave state,
including small parts of the Fermi surface where the gap is small; (b) the “incipient”
s± state, with hole bands in proximity of the Fermi level, but not crossing it; (c) the
“bonding-antibonding” s± state. Note that (a) and (c), but not (b), can give rise to a
spin resonance at (π,π) (in the unfolded Brillouin zone).

One of the latest experimental developments relevant to the the order parameter

in KxFeySe2 is a recent inelastic neutron scattering measurement [277]. In agreement

with ARPES-measured band structure, these authors did not find any peak around the

(π, 0) wave vector, indicating the absence of the conventional electron–hole nesting. In

agreement with theoretical expectation [274], there is not much scattering at exactly

(π, π), even though this is the vector of nearly exact electron–electron nesting. The

reason is that the real part of the noninteracting spin-susceptibility is large when the

Fermi velocities of the initial and the final states are opposite, and the real part controls

the Stoner enhancement of the full susceptibility. Thus, a peak in susceptibility is

expected when the FSs displaced by the given momentum just touch; if the radius of

the electronic FSs in KxFeySe2 is kF , then a peak in the neutron scattering is expected

near Q = (π/a, π/a)−(kF , kF ). Actual calculations [274] show that due to the somewhat

squarish shape of the FS the peak appears to be asymmetric and located at (π, 0.625π)

(for 0.1e doping). Experimentally, a peak is observed at (π, π/2), not far from this

predicted position, and found to be resonantly enhanced below Tc. The latter fact

indicates that this wave vector connects two points on the FS, and these points have

order parameters of the opposite signs, consistent, in principle, with the “quasi-nodeless”

d-wave or with the bonding-antibonding s±, but not with the “incipient s±”.

A second look, however, reveals that this straightforward interpretation may be too

naive. Indeed, the FS suggested by ARPES has by far too small electron pockets to

provide any states removed from each other by (π, π/2). One either needs to assume
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       Conclusions: 
    The pairing between electron pockets MUST include
inter-pocket pairing on equal footing with intra-pocket pairing
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FIG. 1. A cartoon showing a generic 3D Fermi surface for
an AFe2Se2 material in the unfolded (one Fe/cell) Brillouin
zone. Different colors show the signs of the order parameter
in a nodeless d−wave state, allowed in the unfolded zone. The
Γ point is in the center (no Fermi surface pockets around Γ),
and the electron pockets are around the X̄, Ȳ points.

ellipticity becomes kz−dependent. For instance, in FeSe
there is noticeable overlap between the Se pz orbitals,
so that they form a dispersive band with the maximum
at kz = 0 and the minimum at kz = π/c. Obviously,
hybridization is stronger when the pz states are higher,
therefore the Fermi surface ellipticity is completely sup-
pressed in the kz=0 plane, while rather strong in the
kz = π/c plane, which leads to formation of the char-
acteristic “bellies” in the Fermi surface of FeSe. On the
other hand, px,y orbitals in FeSe do not overlap in the
neighboring layers, so the xz and yz bands have very
little kz dispersion, so that the inner barrels of the elec-
tronic pockets in this compound are practically 2D.
In 122, the interlayer hopping proceeds mainly via the

Ba (K) sites, and thus the kz dispersion is comparable
(but opposite in sign!) for the xy and xz/yz bands. As a
result, when going from the kz = 0 plane to the kz = π/c
plane the longer axis of the Fermi pocket shrinks, and the
shorter expands, so that the ellipticity actually changes
sign.
Importantly, the symmetry operation that folds down

the single-Fe Brillouin zone when the unit cell is dou-
bled according to the As (Se) site symmetry is different
in the 11 and 1111 structures, as compared to the 122
structure. In the former case, the operation in question
is the translation by (π̄, π̄, 0), without any shift in the
kz direction, in the latter by (π̄, π̄, π̄). Thus the folded
Fermi surface in 11 and in 1111 has full fourfold symme-
try, while that in the 122 has such symmetry only for one
particular kz, namely kz = π/2c. Furthermore, in 122 the
folded bands are not degenerate along the MX (now the
labels are without the bars, that is, corresponding to the
folded BZ), as they were in 11/1111. Finally, there is a

FIG. 2. A cartoon showing a folded 3D Fermi surface for
an AFe2Se2 material, assuming a finite ellipticity, but zero
kz dispersion. Different colors show the signs of the order
parameter in a d−wave state. Wherever the two colors meet,
turning on hybridization due to the Se potential creates nodes
in the order parameter.

considerable (at least on the scale of the superconducting
gap) hybridization when the folded bands cross (except
for kz = 0).
Now we are ready to analyze possible superconducting

symmetries in the actual AFe2Se2 materials. We shall not
adhere strictly to the calculated band structure and the
Fermi surfaces, but rather consider several possibilities
allowed by symmetry. Let us start first from a d−wave
state in the unfolded BZ, as derived in Refs.8,9,11. In
Fig. 1 we show by the two colors the signs of the order
parameter. Obviously in the unfolded BZ such a state
has no nodes.
Let us now assume that the kz dispersion is negligible,

while the ellipticity remains finite. After folding, but be-
fore turning on the hybridization, we have the picture
shown in Fig. 2. The border between the red and the
blue colored regions now becomes a nodal line17. In this
case, we have four such lines for each pair of electron
pockets. One can think of an effective “thickness” of
the nodal lines, meaning the distance in the momentum
space over which the sign of the order parameter changes.
This is defined by the ratio of the hybridization gap at
the point where the bands cross and their typical energy
separation. Analysis of the first principle calculations for
both As and Se based 122 compounds indicates that this
width is varying between zero (unless spin-orbit interac-
tion is taken into account) and a number of the order of
1. Thus, the effect of the nodal lines on thermodynami-
cal properties is comparable to that in one-band d−wave
superconductors such as cuprates and therefore should
be easily detectable.
Let us now gradually turn on the kz dispersion. Noth-

ing changes for kz = π/2c, that is, there are four equidis-

3

FIG. 3. Same as Fig. 2, but assuming a moderated kz
dispersion. The plane at kz = π/2c is shown, and one of the
Fermi surfaces is clipped above this plane to show how the
nodal points move away from their high symmetry positions.

tant nodes in this plane, which we can label as 1, 2, 3 and
4. As we move towards kz = 0, nodes 1 and 2 get closer
to each other, and so do nodes 3 and 4. As we move
towards kz = π/c, the other pairs get closer, nodes 1 and
4, and nodes 2 and 3. Thus, instead of four vertical node
lines we get four wiggly lines, otherwise similar in prop-
erties to the pure 2D case in Fig. 3. Averaged over all kz,
they still have the fourfould symmetry and the observable
properties should be very similar to the 2D case. A no-
table exception is ARPES. That technique should detect
gap nodes along the (0,1) and (1,0) direction when prob-
ing kz = π/2c, which should gradually shift away from
these directions when the probed momentum is different.
This is actually the case in density functional calcula-

tions for the stoichiometric compounds in the reported
crystal structure; the intersection lines of the two FSs
folded on top of each other never close, and a d−wave
superconductivity in this system must retain all four ver-
tical node lines. Suppose however that these calculations
underestimate the kz dispersion (this is somewhat un-
likely, as band structure calculations tend to produce too
diffuse orbitals and too much hopping, but let us assume
for the sake of generality that this is possible). In that
case, at some finite value of k̃z such that 0 < k̃z < π/2c
nodes 1 and 2 will merge and annihilate, and so will nodes
3 and 4, while at kz = π − k̃z the other two pairs will
annihilate. As a result, we will have a horizontal wiggly
node line, the less wiggly the stronger is the 3D disper-
sion (Fig. 4. Importantly, a full node line remains present
in any band structure, whatever assumption one makes
about the 3D dispersion and ellipticity. Thus, the fact
that fully developed node lines are inconsistent with nu-
merous reported experiments excludes a d-wave pairing
as a viable possibility.

An interesting alternative presents itself if we look
closely at the calculated ab-initio Fermi surfaces of
KFe2Se2. One feature that distinguishes them from
those in As-based materials is a very small ellipticity

FIG. 4. Same as Fig. 3, but assuming a very strong kz
dispersion.

and, compared to the As-based 122 family, very little
kz dispersion18. Looking at the constant-kz cuts (Fig. 5)
of the Fermi surface, we observe that we are in a regime
where the separation of the two FSs is comparable with,
or smaller than the hybridization. In this case, a reason-
able approximation would be to neglect both ellipticity
and kz−dispersion, and analyze the possible supercon-
ducting symmetry in this model. First of all in this ap-
proximation the resulting FSs are two concentric cylin-
ders that touch at kz = 0 but are split otherwise. The
wave functions on these cylinders are, respectively, the
odd and the even combinations of the original and the
downfolded bands.
Thus, if the pairing interaction in the unfolded BZ ex-

ists only in the interband (interpocket) channel, as is im-
plicitly or explicitly assumed in most current theories, it
becomes identically zero after downfolding and hybridiza-
tion. In fact, in this limit, when hybridization is strong
everywhere in the BZ, the spin susceptibility and the
pairing interaction must be computed from scratch us-
ing the 2-Fe unit cell (and the folded BZ).
Importantly, one can easily imagine an interaction that

would lead to a nodeless state in such a system. Indeed,
if the interaction is stronger between the bonding and
antibonding band, than between different points in the
same band, the resulting interaction will again be a sign-
changing s-wave, with all inner barrels having one sign of
the order parameter, and the other the opposite sign (A
very similar state was unsuccessfully proposed for bilayer
cuprates 15 years ago19).
Naively, one may think that one can construct a d-

wave state where the signs of the order parameter will
be swapped as one goes around from one M point in the
BZ to another. Yet this is not allowed by symmetry,
for (2π/a, 0,π/c) and (0,2π/b,π/c) (2 Fe/cell notations)
are reciprocal lattice vectors, so translating by any of
these vectors must retain both the amplitude and the
phase of the superconducting order parameter. Inciden-
tally, this symmetry requirement is not always appreci-
ated, and there have been “d−wave” suggestions (e.g.,

A) weak B) strong
kz dispersion

C) moderate 3

FIG. 3. Same as Fig. 2, but assuming a moderated kz
dispersion. The plane at kz = π/2c is shown, and one of the
Fermi surfaces is clipped above this plane to show how the
nodal points move away from their high symmetry positions.

tant nodes in this plane, which we can label as 1, 2, 3 and
4. As we move towards kz = 0, nodes 1 and 2 get closer
to each other, and so do nodes 3 and 4. As we move
towards kz = π/c, the other pairs get closer, nodes 1 and
4, and nodes 2 and 3. Thus, instead of four vertical node
lines we get four wiggly lines, otherwise similar in prop-
erties to the pure 2D case in Fig. 3. Averaged over all kz,
they still have the fourfould symmetry and the observable
properties should be very similar to the 2D case. A no-
table exception is ARPES. That technique should detect
gap nodes along the (0,1) and (1,0) direction when prob-
ing kz = π/2c, which should gradually shift away from
these directions when the probed momentum is different.
This is actually the case in density functional calcula-

tions for the stoichiometric compounds in the reported
crystal structure; the intersection lines of the two FSs
folded on top of each other never close, and a d−wave
superconductivity in this system must retain all four ver-
tical node lines. Suppose however that these calculations
underestimate the kz dispersion (this is somewhat un-
likely, as band structure calculations tend to produce too
diffuse orbitals and too much hopping, but let us assume
for the sake of generality that this is possible). In that
case, at some finite value of k̃z such that 0 < k̃z < π/2c
nodes 1 and 2 will merge and annihilate, and so will nodes
3 and 4, while at kz = π − k̃z the other two pairs will
annihilate. As a result, we will have a horizontal wiggly
node line, the less wiggly the stronger is the 3D disper-
sion (Fig. 4. Importantly, a full node line remains present
in any band structure, whatever assumption one makes
about the 3D dispersion and ellipticity. Thus, the fact
that fully developed node lines are inconsistent with nu-
merous reported experiments excludes a d-wave pairing
as a viable possibility.

An interesting alternative presents itself if we look
closely at the calculated ab-initio Fermi surfaces of
KFe2Se2. One feature that distinguishes them from
those in As-based materials is a very small ellipticity
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and, compared to the As-based 122 family, very little
kz dispersion18. Looking at the constant-kz cuts (Fig. 5)
of the Fermi surface, we observe that we are in a regime
where the separation of the two FSs is comparable with,
or smaller than the hybridization. In this case, a reason-
able approximation would be to neglect both ellipticity
and kz−dispersion, and analyze the possible supercon-
ducting symmetry in this model. First of all in this ap-
proximation the resulting FSs are two concentric cylin-
ders that touch at kz = 0 but are split otherwise. The
wave functions on these cylinders are, respectively, the
odd and the even combinations of the original and the
downfolded bands.
Thus, if the pairing interaction in the unfolded BZ ex-

ists only in the interband (interpocket) channel, as is im-
plicitly or explicitly assumed in most current theories, it
becomes identically zero after downfolding and hybridiza-
tion. In fact, in this limit, when hybridization is strong
everywhere in the BZ, the spin susceptibility and the
pairing interaction must be computed from scratch us-
ing the 2-Fe unit cell (and the folded BZ).
Importantly, one can easily imagine an interaction that

would lead to a nodeless state in such a system. Indeed,
if the interaction is stronger between the bonding and
antibonding band, than between different points in the
same band, the resulting interaction will again be a sign-
changing s-wave, with all inner barrels having one sign of
the order parameter, and the other the opposite sign (A
very similar state was unsuccessfully proposed for bilayer
cuprates 15 years ago19).
Naively, one may think that one can construct a d-

wave state where the signs of the order parameter will
be swapped as one goes around from one M point in the
BZ to another. Yet this is not allowed by symmetry,
for (2π/a, 0,π/c) and (0,2π/b,π/c) (2 Fe/cell notations)
are reciprocal lattice vectors, so translating by any of
these vectors must retain both the amplitude and the
phase of the superconducting order parameter. Inciden-
tally, this symmetry requirement is not always appreci-
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kzNumerics	  (cont):	  	  add	  weak	  	  	  	  	  	  	  	  	  dispersion	  
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Figure 1: qz-dependent behavior of RPA spectral function as shown for the
different strength of hybridization. These results have been obtained using
the model band dispersions: εβ1

p
= −t(pz)[{1 + ε(pz)}{cos(px) − 1} + {1 −

ε(pz)}{cos(py + π) − 1}] − µ; εβ2

p = −t(pz)[{1 − ε(pz)}{cos(px + π) −
1}+ {1 + ε(pz)}{cos(py)− 1}]− µ, where where t(pz) = t [1− Λ cos(pz)]. In
above results we have ignored the pz-dependent variation of ellipticity. Other
parameters are identical as considered in the MS
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Figure 1: qz-dependent behavior of RPA spectral function as shown for the
different strength of hybridization. These results have been obtained using
the model band dispersions: εβ1

p
= −t(pz)[{1 + ε(pz)}{cos(px) − 1} + {1 −

ε(pz)}{cos(py + π) − 1}] − µ; εβ2

p = −t(pz)[{1 − ε(pz)}{cos(px + π) −
1}+ {1 + ε(pz)}{cos(py)− 1}]− µ, where where t(pz) = t [1− Λ cos(pz)]. In
above results we have ignored the pz-dependent variation of ellipticity. Other
parameters are identical as considered in the MS
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Figure 1: qz-dependent behavior of RPA spectral function as shown for the
different strength of hybridization. These results have been obtained using
the model band dispersions: εβ1

p
= −t(pz)[{1 + ε(pz)}{cos(px) − 1} + {1 −

ε(pz)}{cos(py + π) − 1}] − µ; εβ2

p = −t(pz)[{1 − ε(pz)}{cos(px + π) −
1}+ {1 + ε(pz)}{cos(py)− 1}]− µ, where where t(pz) = t [1− Λ cos(pz)]. In
above results we have ignored the pz-dependent variation of ellipticity. Other
parameters are identical as considered in the MS
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FeSe4 tetrahedra separated by K cations, which is identical to
the well-known ThCr2Si2 structure. The !Fe2Se2"!− layers
serve as the “conducting layer” and K+ ions provide charge
carriers, quite alike to other 122 structures. Compared with
the structural data for FeSe,19 the intralayer Fe-Fe distance
and Fe-Se bond distance increases by 3.7% and 2.15%, re-
spectively. The interlayer distance of two neighboring Fe-Fe
square plane, 7.0184!5" Å, is the largest discovered so far, a

consequence of K intercalated into FeSe layers. The increase
in a axis is significantly smaller than that of c axis, which
leads to the reduced dimensionality in KFe2Se2. As one of
the most important structural features, the refinement indi-
cates that the Fe-Se-Fe angle is 110.926!4"°, which is closer
to the ideal angle of high-symmetric tetrahedra compared to
that of FeSe. The x-ray diffraction pattern of crystal !as
shown in Fig. 2" is dominated by the 00l!l=2n" reflections,
suggesting that the cleave surface of the platelike crystal is
approximately perpendicular to the crystallographic c axis.
The elemental composition was checked with several crys-
tals from the same boule by inductively coupled plasma-
atomic emission spectrometer. The chemical analyses show
that the average atomic ratios of K:Fe:Se is 0.39:0.85:1, a
little deficiency of potassium and iron.

TABLE I. Crystallographic data of KFe2Se2.

Formula KFe2Se2

Temperature !K" 297
Space group I4 /mmm
Fw 212.03
a !Å" 3.9136!1"
c !Å" 14.0367!7"
V !Å3" 214.991!3"
Z 2
Rp 3.26%
Rwp 5.15%
Rexp 2.22%
"2 5.38
Atomic parameters
K 2a !0, 0, 0"
Fe 4d !0, 0.5, 0.25"
Se 4e !0, 0, z"

z=0.3539!2"
Bond length !Å"
K-Se 3.4443!4"#8
Fe-Se 2.4406!4"#4
Fe-Fe 2.7673!5"#4
Bond angles !deg"

110.926!4"#4
106.600!4"#2

FIG. 1. !Color online" Powder x-ray diffraction and Ritveld re-
finement profile of KFe2Se2 at 297 K. The inset shows the sche-
matic crystal structure of KFe2Se2 !ThCr2Si2 type".

FIG. 2. !Color online" The x-ray diffraction pattern of
K0.8Fe2Se2 crystal indicates that the !00l" !l=2n" reflections domi-
nate the pattern. The asterisk shows an unknown reflection. Inset
shows the photography of the K0.8Fe2Se2 crystal !length scale 1
mm".

FIG. 3. The temperature dependence of electrical resistance for
the K0.8Fe2Se2 crystal sample. The lower inset shows the details of
superconducting transition from 10 to 40 K. The upper inset shows
temperature dependence of normal-state Hall coefficient for crystal
sample.
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FIG. 1: (color online) (a) Schematic representation of the two

electron pockets in unfolded 1FeBZ with the origin at the Γ
point. One pocket (blue) being centered along the (0,π, kz)
vertical line (not shown) and the other (black) centered along

the (π, 0, kz) thin dashed (black) line. Both Fermi surfaces are

bounded from top and bottom by kz = ±π planes. The 1FeBZ

boundary crosses the kz = 0 along the thick solid (black) line.

The thick solid (red) arrow denotes a vector equivalent to

the folding vector Q = (π,π,π). The vector shown connects

the points (π, 0, 0) and (0,π,π). (b) The three-dimensional

folding
40
. One pocket is cut in two along the kz = 0 plane.

The two halves are displaced by a vector equivalent to Q in

such a way that the upper(lower) half is clipped underneath

(above) the kz = 0 plane.

BZ and the electronic states on the pocket separated by
Q in 1FeBZ. The hybridization in turn was argued to
lead to node formation40,42. In contrast, experimentally
the Fermi surface of AFe2Se2 is fully gapped.

An alternative pairing scenario suggested in40 allevi-
ates the above contradictions. The resulting pairing sym-
metry is a kind of s+− qualitatively different from that
in pnictides. When the hybridization exceeds the pocket
ellipticity the pairing symmetry changes from a d-wave to
an s+− state43. For large hybridization Cooper pairs are
predominantly intra-band in terms of a bonding and anti-
bonding states, and inter-band in original non-hybridized
pockets. Such pairs carry a momentum Q. This type of
pairing referred to as η-pairing was derived by a different
approach in Ref. 44.

The main goal of the paper is to demonstrate that this
s+− ordering of bonding - anti-bonding states in AFe2Se2
is consistent with the observation of a spin resonance
peak in an inelastic neutron scattering31–33.
Qualitative considerations.
The naive expectation is that the spin resonance is in-
evitable in the presence of the sign-changing order pa-
rameter. Indeed, in a conventional theory the spin co-
herence factor, (1 − ∆a∆b/|∆a||∆b|) is non-zero for the
order parameter of opposite sign on bonding, ∆b and
anti-bonding ∆a bands. It turns out that first, this argu-
ment does not apply as it stands, and second, although
the spin resonance is obtained in s± state its analysis

(a) (b)

FIG. 2: (color online) (a) The d-wave OP in folded represen-

tation is obtained by assigning the opposite OP on the two

pockets in Fig. 1(a) followed by the folding procedure shown

in Fig. 1(b). (b) The s+−
in a folded representation. The

hybridization leads to the Fermi surface reconstruction with

bonding (outer,black) and anti-bonding (inner,red) Fermi sur-

faces. The s+−
ordering is obtained when the OP is assigned

an opposite sign on the two hybridized Fermi surfaces. The

hybridization affects mostly the crossing region, framed by

(blue) rectangles. Therefore the transitions between the un-

affected spatially overlapping states indicated by thick solid

(blue) arrows contribute to the spin response and lead to spin

resonance.

 0.55  0.65  0.75  0.85  0.95

qy

 0

 1

 2

 3

ω
/∆

 0

 20

 40

 60

 80

 100

 120

 140

q=π(1,qy,1)

(a)

 0.55  0.65  0.75  0.85  0.95

qy

 0

 1

 2

 3

ω
/∆

 0

 5

 10

 15

 20

 25

q=π(1,qy,0.5)

(b)

 0.55  0.65  0.75  0.85  0.95

qy

 0

 1

 2

 3

ω
/∆

 0
 5
 10
 15
 20
 25
 30
 35
 40
 45
 50

q=π(1,qy,1)

(c)

 0.55  0.65  0.75  0.85  0.95

qy

 0

 1

 2

 3

ω
/∆

 0

 2

 4

 6

 8

 10

 12

q=π(1,qy,0.5)

(d)

FIG. 3: (color online) The color-plot of the imaginary part of

a transverse spin-susceptibility, S(q,ω) = Imχ±
(q,ω) in an

s+−
state. The S(q,ω) is shown as a function of qy, horizontal

axis and frequency ω, vertical axis for a fixed qx = π for

two different qz cuts and for two values of the hybridization

strength, λ. Panel (a) qz = π, λ = 0; (b) qz = π/2, λ =

0; (c) qz = π, λ = 5meV; (d) qz = π/2, λ = 5meV. The

superconducting order parameter is set to ∆ = 10meV. A

small imaginary part, Γ = 0.5meV was added to the frequency

ω to regularize otherwise singular S(q,ω).
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FIG. 6: (color online)(a) The limit of λ = 0 is taken with the
fixed s+− pairing symmetry. (b) The unfolded Fermi pockets
in the limit λ = 0. The order parameter changes sign across
the planes pz = ±π/2. At these momenta the two unhy-
bridized Fermi pocket cross in folded BZ. The folding vector
Q is shown. For a fixed wave-vector q shown as thick (blue)
arrowed line, the examples of transitions making a finite con-
tribution to spin resonance are shown. For qz = π all the
Fermi surface makes a finite contribution. For qz = 0 all the
transitions are horizontal and the resonance is not obtained.

where,

E1(2)
p =

�
(ε1(2)p )2 + (∆11(22)

p )2 (21)

and the intra-pocket gap function obtained from Eq. (19)
in the limit λ = 0,

∆11 = ∆sgn(δp) , ∆22 = −∆sgn(δp+Q) . (22)

For the dispersion (2), Eq. (22) reduces to see (Fig. 6

∆11 = ∆22 = ∆sgn (|pz|− π/2) . (23)

In what follows we set ∆ii ≡ ∆i, i = 1, 2.

The bare spin susceptibility, χ0
ijkl(q, iΩm) =

δikδljχ0
ij(q, iΩm) after analytical continuation, Ωm →
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FIG. 7: A comparison of spectral functions in normal and SC
state demonstrating the resonance enhancement in s+−-wave
state.
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describe the amplitude for the creation of a pair of two
Bogolubov quasi-particles. In the numerical calculations
a small imaginary part Γ is added to the frequency ω for
regularization.
At low temperatures the fourth term in Eq. (24) makes

a dominant contribution to S(q,ω). We note that the
third term in Eq. (24) contributes significantly to Reχ0.
The in-gap spin resonance collective mode requires

that the coherence factor C(pp)
ij;p,q in Eq. (25) at the Fermi

1)Take a limit

2)Unfold (not necessary)
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, (24)

where the f(E) is Fermi distribution function and coher-
ence factors are

C(ph)
ij;p,q = 1 +

εip
Ei

p

+
εjp+q

Ej
p+q

+
εipε

j
p+q +∆i

p∆
j
p+q

Ei
pE

j
p+q

C(hp)
ij;p,q = 1−

εip
Ei

p

−
εjp+q

Ej
p+q

+
εipε

j
p+q +∆i

p∆
j
p+q

Ei
pE

j
p+q

C(hh)
ij;p,q = 1 +

εip
Ei

p

−
εjp+q

Ej
p+q

−
εipε

j
p+q +∆i

p∆
j
p+q

Ei
kE

j
p+q

C(pp)
ij;p,q = 1−

εip
Ei

p

+
εjp+q

Ej
p+q

−
εipε

j
p+q +∆i

p∆
j
p+q

Ei
pE

j
p+q

(25)

describe the amplitude for the creation of a pair of two
Bogolubov quasi-particles. In the numerical calculations
a small imaginary part Γ is added to the frequency ω for
regularization.
At low temperatures the fourth term in Eq. (24) makes

a dominant contribution to S(q,ω). We note that the
third term in Eq. (24) contributes significantly to Reχ0.
The in-gap spin resonance collective mode requires

that the coherence factor C(pp)
ij;p,q in Eq. (25) at the Fermi
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of low energy states for the q− vector of interest, does not
play any role in the origin of spin resonance.
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as the RPA spectral function in the SC state with s+−-wave
symmetry, as shown for different qz− values.

surface, (εip, ε
j
p+q → 0) is finite,

�
1− ∆i

p∆
j
p+q

|∆i
p||∆j

p+q||

�
�= 0.

In other words in the absence of hybridization the band
diagonal order parameter should change sign, and the
neutron momentum q should connect parts of the Fermi
surface with different sign of ∆. Fig. 7 shows the res-
onant enhancement of the susceptibility in SC state as
compared to the normal state at a wave vector which
connects the two Fermi surfaces with opposite sign of
gap. As the two Fermi surfaces at (π, 0, pz) and (0,π, pz)
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FIG. 10: Results for spin resonance remain unaltered due to
Umklapp components of the bare susceptibility.

belong to different bands, the low energy contribution to
χ0, is strongly dominated by the inter-band contribution.

Indeed, as shown in Fig. 8, the results for spin res-
onance remains almost unaltered when the intra-band
contribution to χ0 is ignored. For this reason we consider
only the inter-band contribution to χ0 in our further in-
vestigation of spin resonance.

The spin resonance appears due to a sign changing gap
on the Fermi surfaces and lies and singularity in χ0 at the
lower threshold of the particle-hole continuum ω = 2∆.
Although the exact nature of this singularity depends on
detailed topology of the Fermi surfaces as well as the
wave-vector q, in general, Reχ0 attains a peak and Imχ0

undergoes a jump as ω → 2∆.14. The stronger the sin-
gularity in χ0, the larger both the peak intensity and the
binding energy of the resonance. As is shown in Fig. 9,
for a fixed q⊥ = (qx, qy), the peak intensity and binding
energy of the resonance are largest for qz = π and de-
crease monotonically with qz �= 0. In a special case of
qz = 0 the spin resonance does not arise at all. This qz
dependence can be traced to the frequency dependence
of χ0 at ω = 2∆. The intensity of the peak in Reχ0

and jump in Imχ0 decreases with qz, as shown in Fig. 9.
At qz = 0 the susceptibility becomes regular concomi-
tant with the disappearance of resonance. At finite λ, χ0

retains the singularity at qz = 0, see Sec. IID.

The weakening of resonance with qz → 0 follows from
the phase space reduction for transitions connecting the
regions with opposite sign of the order parameter, see
Fig. 6(b). For qz = π the entire Fermi surface contributes
to the susceptibility as each transition connects regions
with the opposite sign of the gap. The phase space for
these transition gradually reduces with decreasing qz and
disappears completely at qz = 0. We note that this fact
is a consequence of gap sign changing in horizontal planes
|pz| = π/2. Therefore we expect a resonance for qz = 0
for more generic band structure.
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FIG. 11: The spin susceptibility S(q,ω) for λ = 5meV (up-
per panel) and for λ = 10meV (lower panel). Five curves
are plotted for the five wave-vectors, q = π(1, 0.61, qz), where
qz = π, 3π/4,π/2,π/4, 0. The resonance weakens with de-
creasing qz and with increasing hybridization.

D. Spin resonance in s+− state with finite λ

The numerical results for the spin susceptibility at fi-
nite hybridization are presented in Figs. fig-SC-qz-lam
and 12. In the first case the λ was taken to be constant
while in the second case it had a model momentum de-
pendence. For large range of qzs the resonance is clearly
seen, while for the relatively small qz it tends to disap-
pear. Below we argue that the suppression of the reso-
nance is non-generic, and for general dispersion relation
the resonance is expected for all qzs. In particular, the
dispersion (2) has a specific feature of the vanishing of
a difference δεp = εβ1

p − εβ2

p+Q, (Eq. (17)) along the two
lines confined to a vertical planes, |pz| = ±π/2.

To understand the influence of the hybridization on
the resonance it is useful to consider the spin operator in
the basis of bonding and anti-bonding orbitals Eq. (15).
The singular part of the spin susceptibility is determined
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FIG. 12: The spin susceptibility, S(q,ω) for a fixed wave vec-
tor q = π(1, 0.61, 0.25). Increasing hybridization suppresses
the resonance (upper panel). The suppression is less pro-
nounced for the momentum dependent model of hybridiza-
tion, λp = λ sin2(pz) (lower panel).

by the coherence factor and by the matrix element of
the spin operator connecting bonding and anti-bonding
orbitals. In ab-basis the coherence factor is a constant,
see the discussion in the Introduction, Sec. I. The ma-
trix element is obtained by writing the intra-band spin
operator, S+

eff(q) = S+
12(q) + S+

21(q) defined by Eq. (10)
in terms of ap and bp operators using Eq. (15). Keeping
only the intra-band contributions we obtain

S+
eff(q) =

�

p

Mp,δq

�
a†p↑bp+δq↓ + b†p↑ap+δq↓

�
,

Mp,δq =(cos θp cos θp+δq − sin θp sin θp+δq) , (26)

where we represent the scattering momentum, q in the
form q = Q+δq, such that the vector δq = δqxx̂+δqy ŷ+
δqz ẑ has a small xy components, δqx, δqy � π. Since the
coherence factor in ab representation gives a factor of 2,
see Eq. (18) the strength of the resonance is determined
by the matrix element for a intra-band transition with

Turn on hybridization
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(a) (b)

Γ

FIG. 1: (color online) (a) Schematic representation of the two

electron pockets in unfolded 1FeBZ with the origin at the Γ
point. One pocket (blue) being centered along the (0,π, kz)
vertical line (not shown) and the other (black) centered along

the (π, 0, kz) thin dashed (black) line. Both Fermi surfaces are

bounded from top and bottom by kz = ±π planes. The 1FeBZ

boundary crosses the kz = 0 along the thick solid (black) line.

The thick solid (red) arrow denotes a vector equivalent to

the folding vector Q = (π,π,π). The vector shown connects

the points (π, 0, 0) and (0,π,π). (b) The three-dimensional

folding
40
. One pocket is cut in two along the kz = 0 plane.

The two halves are displaced by a vector equivalent to Q in

such a way that the upper(lower) half is clipped underneath

(above) the kz = 0 plane.

BZ and the electronic states on the pocket separated by
Q in 1FeBZ. The hybridization in turn was argued to
lead to node formation40,42. In contrast, experimentally
the Fermi surface of AFe2Se2 is fully gapped.

An alternative pairing scenario suggested in40 allevi-
ates the above contradictions. The resulting pairing sym-
metry is a kind of s+− qualitatively different from that
in pnictides. When the hybridization exceeds the pocket
ellipticity the pairing symmetry changes from a d-wave to
an s+− state43. For large hybridization Cooper pairs are
predominantly intra-band in terms of a bonding and anti-
bonding states, and inter-band in original non-hybridized
pockets. Such pairs carry a momentum Q. This type of
pairing referred to as η-pairing was derived by a different
approach in Ref. 44.

The main goal of the paper is to demonstrate that this
s+− ordering of bonding - anti-bonding states in AFe2Se2
is consistent with the observation of a spin resonance
peak in an inelastic neutron scattering31–33.
Qualitative considerations.
The naive expectation is that the spin resonance is in-
evitable in the presence of the sign-changing order pa-
rameter. Indeed, in a conventional theory the spin co-
herence factor, (1 − ∆a∆b/|∆a||∆b|) is non-zero for the
order parameter of opposite sign on bonding, ∆b and
anti-bonding ∆a bands. It turns out that first, this argu-
ment does not apply as it stands, and second, although
the spin resonance is obtained in s± state its analysis

(a) (b)

FIG. 2: (color online) (a) The d-wave OP in folded represen-

tation is obtained by assigning the opposite OP on the two

pockets in Fig. 1(a) followed by the folding procedure shown

in Fig. 1(b). (b) The s+−
in a folded representation. The

hybridization leads to the Fermi surface reconstruction with

bonding (outer,black) and anti-bonding (inner,red) Fermi sur-

faces. The s+−
ordering is obtained when the OP is assigned

an opposite sign on the two hybridized Fermi surfaces. The

hybridization affects mostly the crossing region, framed by

(blue) rectangles. Therefore the transitions between the un-

affected spatially overlapping states indicated by thick solid

(blue) arrows contribute to the spin response and lead to spin

resonance.
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FIG. 3: (color online) The color-plot of the imaginary part of

a transverse spin-susceptibility, S(q,ω) = Imχ±
(q,ω) in an

s+−
state. The S(q,ω) is shown as a function of qy, horizontal

axis and frequency ω, vertical axis for a fixed qx = π for

two different qz cuts and for two values of the hybridization

strength, λ. Panel (a) qz = π, λ = 0; (b) qz = π/2, λ =

0; (c) qz = π, λ = 5meV; (d) qz = π/2, λ = 5meV. The

superconducting order parameter is set to ∆ = 10meV. A

small imaginary part, Γ = 0.5meV was added to the frequency

ω to regularize otherwise singular S(q,ω).
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The integral is logarithmic, and to regularize it we subtract and add the static inverse susceptibility given by (16).
The difference is regular, and we choose to integrate it over � first. This way we get

χ−1
id (iω)− χ−1

id (0) = −2

�
c2

ω(2∆ss)−1)sinh−1(ω(2∆ss)−1)�
1 + ω2(2∆ss)−2

�

φ

(20)

Analytic continuation gives then below the continuum, with notation x = ω/2∆s

χ−1
id (x)− χ−1

id (0) = 2x

�
c2 tan−1

�
x√

s2−x2

�

√
s2 − x2

�
(21)

Note the continuum is bounded by 2∆s minφ{s} = 2∆ss(φ = 0,±π/2,π) = 2∆s
κ√

1+κ2 , and is achieved only along

the specified symmetry directions.
The full BS1 susceptibility takes the form,

χ−1(x) =
1

u

�
1− �c2�

�s2�

�
− �c2�

�s2� �s
2 log s2�+ �c2 log s2� − 2x

�
c2 tan−1

�
x√

s2−x2

�

√
s2 − x2

�
(22)

The equation (22) can be solved for x as a function of the dimensionless parameter κ. For one set of the parameter
the dispersion is shown in Fig. 1

1.0 1.5 2.0
Κ

0.2

0.4

0.6

0.8

1.0

E

2�s

FIG. 1: (red,solid) The energy of the excitation in d-wave channel as a function of the dimensional ratio of the hybridization
to the ellipticity, κ in s± state at zero temperature. The interaction amplitude is taken to be us = ud = u = 0.5. The energy
goes to zero at a critical κ∗

d ≈ 0.6 marking the boundary with the s + id state. As expected κ∗
d > κ∗ = 1/

√
3 ≈ 0.58 (here

κ∗ is the tetra-critical point found earlier. (blue,dashed) The lower boundary of particle-hole continuum. This line is just ,
2∆s(κ/

√
κ2 + 1) and gradually approaches 2∆s when the ellipticity is negligible. As κ increases the d-wave is getting more

costly and getting pushed to a continuum.

Comparison of (12) and (22) gives for an out of phase polarization operator,

Π22 = − 1

u

�
�c2�
�s2�

�
− �c2�

�s2� �s
2 log s2�+ �c2 log s2� − 2x

�
c2 tan−1

�
x√

s2−x2

�

√
s2 − x2

�
(23)

In my handwritten notes I show that Raman sees exactly the mode with the dispersion shown in Fig. 1, and the
Raman susceptibility given by,

R(ω) ∝ ω2

∆2
s

χ(ω) (24)

ΓLM

attraction in LM channel
in-gap modes
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Now for Π23 = Π32 we have instead of (47)

Π23(ω) = Π32(ω) = 2

�
c2

s arcsin(x/s)√
s2 − x2

�
(67)

And instead of (43) we have

Π33(ω) = −2

�
c2s2 tan−1

�
x√

s2−x2

�

x
√
s2 − x2

�
= −2

�
c2s2 arcsin (x/s)

x
√
s2 − x2

�
(68)

We now invert the T̂ -matrix defined by (49) explicitly,

T̂−1 = 1̂ + V̂ Π̂ =

�
1 + uΠ22 uΠ23

uρΠ32 1 + uρΠ33

�
⇒ T̂ =

1

det
�
1̂ + V̂ Π̂

�
�
1 + uρΠ33 −uΠ23

−uρΠ32 1 + uΠ22

�
(69)

with

det
�
1̂ + V̂ Π̂

�
= (1 + uΠ22)(1 + uρΠ33)− uuρΠ23Π32 (70)

And finally (62) becomes

R̂ =
1

det
�
1̂ + V̂ Π̂

�
�
Π22(1 + uρΠ33)− uρΠ23Π32 −uΠ22Π32 +Π23(1 + uΠ22)
Π32(1 + uρΠ33)− uρΠ33Π32 −uΠ32Π23 +Π33(1 + uΠ22)

�
(71)

And finally the Raman intensity is given by a 22 element (second line second column) of this matrix,

IR = � −uΠ32Π23 +Π33(1 + uΠ22)

(1 + uΠ22)(1 + uρΠ33)− uuρΠ23Π32
(72)

A. Results
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FIG. 5: Color code is the same as in Fig. 4: The blue curve is for BS1 mode only; red is for charge exciton; the black curve
is when both are allowed to mix. The Raman intensity for u = 0.5, uρ = 0.4 the charge d-wave exciton is barely formed and
do not affect BS1 mode appreciably. In all three cases there is only one mode. κ = 1.2κ∗

d, the transition from s± to s+ id is
at κ∗

d ≈ 0.62. The Green line is just det(T̂ ), its not a mode or Raman signal !. Clearly this determinant vanishes for two
energies. Yet only one of them is realized as a true bound state and the other lies in a continuum.
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FIG. 6: The same as Fig. 5 but with enhanced attraction in charge channel, uρ = 1.0. Color code is the same as in Fig. 4: The
blue curve is for BS1 mode only; red is for charge exciton; the black curve is when both are allowed to mix. Now the charge
exciton is strongly bound and substantially affects the BS1 mode. κ = 1.2κ∗

d, the transition from s± to s+ id is at κ∗
d ≈ 0.62.

For numerical evaluation I took for the Cooper channel amplitude u = 0.5, this gives κ∗
d ≈ 0.62 for the s+ id to s±

boundary.
Then I fixed κ so that the BS1 mode is reasonably bound. Specifically I took, κ = 1.2κ∗

d. At this point the attractive
density interaction was taken in one case, Fig. 5 to be uρ = 0.4 and in the second case Fig. 6 to be uρ = 1.0. In
the first case the charge exciton is barely bound and the mixing of charge and Cooper channels gives practically the
BS1 mode found before. To the contrary in the second case the binding energy of a charge exciton exceeds that of a
BS pair. In this case the resulting bound state is much stronger bound than the original BS1 mode and coupling to
charge channel is crucial.
In all cases we get only one mode. Despite the fact that in principle one can consider separately the charge and the

BS excitons their coupling is strong enough to push one of the resulting combinations (we can call it “anti-bonding”)
above the continuum. For the same reason the other, “bonding” combination benefit from the coupling and becomes
softer than both separate modes.
The “bonding” and “anti-bonding” combinations have energy determined by the vanishing of det T̂ , with T̂ matrix

defined by (69). This determinant is shown by a green line in both Figs. and it clearly has zeros at the spectrum of
collective modes.

Appendix A: Circular pockets

In this note I start as a first exercise with the circular pockets. This case is quite artificial, but still useful to
consider. Recall: At finite hybridization λ the s± state results.
Although the d-wave mode is expected as an excitation according to [1] due to the residual attraction in ud > 0 in

d-wave channel, the energy of such excitation is expected to be quite large, close to the hybridization, λ. We show it
to be the case below. This follows from: 1) the d-wave pairing is inter-band and 2) Raman probes q = 0 excitations.
Indeed the creation of zero momentum ab inter-band pair requires at least an energy of the hybridization, λ
The second question is the Raman vertex. For circular pockets Raman signal is absent as we will see, and some

anisotropy of effective mass is needed to make it non-zero.
This way the two questions: 1) What are the frequencies of the d-wave channel modes once the system is in s±

ground state ?, and 2) finding the Raman vertex will be addressed separately.

Appendix B: d-wave channel excitations in s± state

Start with the result.
Assume the s± order parameter ∆s is real. Then the real part of the d-wave mode shows a resonance-like feature

while the imaginary part of the d-wave mode does not. The continuum of excitation energies is expected for arbitrary

B1g
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neutral mode: No Coulomb
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